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Abstract 

Polyanilline  powder  of  high  conductivity  is  prepared  by  chemical  polymerization  of  aniline  in  a  solution  of  0. 10  M  aniline,  2  M  perchloric 
acid  and  0. 15  M  ammonium  persulfate  at  5  °C.  The  powder  is  mixed  with  graphite  and  acetylene  black  to  obtain  the  required  conductivity  and 
porosity.  The  mixed  powder  is  compressed  into  a  ring  shape  at  a  pressure  of  2  t  cm-2  for  use  as  positive  electrodes  (cathodes)  in  batteries.  Zinc 
powder  is  mixed  with  magnesium  oxide,  zinc  oxide  and  sodium  carboxymethyl  cellulose  (CMC),  and  then  compressed  into  a  cylindrical 
shape  at  a  pressure  of  7  t  cm-2  for  use  as  negative  electrodes  (anodes)  in  batteries.  The  battery  electrolyte  comprises  2  M  Zn(C104)2,  1  M 
NH4CIO4,  and  1.0  x  10  4  M  Triton-XlOO  at  pH  3.  A  1  wt.%  Optalloy  powder  is  added  to  the  negative-electrode  composite  to  prevent  the 
release  of  hydrogen  gas.  The  assembled  battery  has  an  open-circuit  voltage  (OCV)  of  1.64  V,  a  charge  storage  capacity  of  125.43  m  Ah  g-1, 
and  a  Coulombic  efficiency  greater  than  95%  during  the  first  100  charge-discharge  cycles.  Due  to  the  low  amount  of  electrolyte  used,  the 
battery  is  considered  as  a  dry  battery. 

©  2003  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  recent  years,  considerable  interest  has  been  shown  in 
poly  aniline  as  a  conducting  organic  polymer  [1,2],  It  has 
been  found  that  polyaniline  film  or  polyaniline  powder 
exhibit  several  redox  couples  in  aqueous  solutions.  Polyani¬ 
line  can  be  utilized  in  secondary  batteries  [3-5]  and  che¬ 
mical  sensors  [6-8].  Recently,  our  research  group  have  been 
involved  in  the  application  of  polyaniline  in  rechargeable 
batteries  [9]  and  ion-selective  electrodes  [10].  Fabrication 
of  electrodes  from  polyaniline  powder  has  been  found  to 
offer  many  advantages  such  as  no  limit  to  the  amount  of 
active  material  and  no  difficulties  in  electrode  scale-up  and 
electrode  shape  [1,2], 

The  majority  of  the  previously  reported  rechargeable 
batteries  which  used  polyaniline  as  the  positive  electrode 
(cathode)  were  typically  wet  batteries  in  which  hydrochloric 
acid  was  used  as  a  dopant  acid  and  the  corresponding 
electrolyte  contained  ZnCl2  and  NH4C1  at  pH  of  4  or  higher 
[11-15],  To  the  best  of  our  knowledge,  there  have  been  no 
studies  on  the  use  of  perchlorate  as  a  dopant  and  electrolyte 
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in  polyaniline  batteries,  although  perchloric  acid  has  been 
used  for  aniline  polymerization  [16-18], 

In  the  work  reported  here,  a  dry  rechargeable  battery 
based  on  polyaniline  doped  with  perchlorate  ions  and  an 
electrolyte  of  Zn(C104)2,  NH4CIO4,  and  Triton-XlOO  at  pH 
of  3  is  conducted.  Optalloy  was  used  in  the  battery  prepara¬ 
tion,  the  presence  of  which  increases  the  overvoltage  for 
reduction  of  H+  ions  and,  subsequently,  prevents  the  for¬ 
mation  of  Zn-hydrogen  local  cells.  Triton-XlOO  prevents 
the  formation  of  dendrites  during  the  charge  process  [16]. 

In  order  to  increase  the  conductivity  of  polyaniline, 
graphite  powder  and  acetylene  black  were  added  to  poly- 
uaniline  powder  doped  with  perchlorate  ions,  then  the  mixed 
powder  was  compressed  to  enhance  further  the  connectivity 
of  polyaniline  particles.  The  conductivity  of  the  polyaniline 
rings  was  measured  by  means  of  the  Van  Der  Pauw  tech¬ 
nique  [1]. 

Zinc  powder  was  mixed  with  magnesium  oxide,  zinc 
oxide  and  sodium  carboxymethyl  cellulose  (CMC),  and 
compressed  at  a  pressure  of  7  t  cm-2  in  a  global  shape 
and  used  as  the  negative  electrode  (anode)  of  the  battery. 
The  presence  of  magnesium  and  zinc  oxides  effectively 
contribute  to  the  reversibility  of  zinc,  and  CMC  enhances 
the  interconnection  of  the  zinc  particles. 
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2.  Experimental 

2.1.  Reagents  and  materials 

Aniline,  ammonium  persulfate  and  zinc  chloride  were 
obtained  from  Aldrich.  All  other  reagents  such  as  hydro¬ 
chloric  acid,  sodium  hydroxide  and  other  compounds  were 
of  analytical  reagent  grade  (prepared  from  Huka  or  Merck). 
Argon  (99.999%  purity)  was  purchased  form  Roham  Gas 
Co.  Doubly-distilled  water  was  used  in  all  experiments. 

2.2.  Apparatus 

All  electropolymerization  reactions  were  carried  out  with 
a  BHP  206 1-C  electrochemical  analyzer.  Potential  measure¬ 
ments  were  carried  out  with  a  Sa-Iran  digital  multimeter 
8503  and  pH  measurements  with  Metrohm  pH-meter  model 
691.  A  scanning  electron  microscope  (Philips,  X  30)  was 
used  for  studying  the  surfaces  of  cathodes. 

Charge  and  discharge  experiments  were  performed  on 
batteries  with  an  automatic  battery  test  unit  (BPT  Co., 
Tehran,  Iran)  and  a  PC  computer  with  a  A/C  interface. 
All  experiments  were  carried  out  at  room  temperature. 

2.3.  Method 

Polyaniline  was  synthesized  by  chemical  polymerization 
[1]  from  a  solution  of  0.10  M  aniline,  2  M  perchioric  acid 
and  0.15  M  ammonium  persulfate  at  5  °C.  Argon  gas  was 
passed  through  the  polymerization  solution  to  remove  dis¬ 
solved  oxygen  and,  during  polymerization,  the  argon  flow 
was  passed  across  the  surface  of  the  solution  to  prevent 
oxygen  diffusion.  After  24  h,  the  mixture  was  filtered, 
washed  with  water  and  2  M  HC104  solution,  and  poured 
into  tetrahydrofuran  to  separate  the  polyanihne  small  chains 
since  these  are  soluble  in  tetrahydrofuran.  It  should  be  noted 


that  the  presence  of  small  chains  decreases  the  conductivity 
of  polyaniline.  The  mixture  was  then  filtered  and  washed 
three  times  with  a  2  M  HC104  solution  and  water,  respec¬ 
tively.  The  resulting  polyanihne  was  dried  under  vacuum  at 
80  °C  and  powdered  to  particles  with  a  diameter  of  54-73  pm 
by  using  sieves  of  200  and  270  mesh.  Then,  80  g  of  this 
powder  was  mixed  with  1 8  g  of  graphite  and  2  g  of  acetylene 
black,  and  compressed  into  a  ring  shape  under  a  pressure  of 
2 1  cm-2.  The  rings  were  used  as  cathodes  in  batteries.  Zinc 
powder  (93  g)  was  mixed  with  magnesium  oxide  (2  g),  zinc 
oxide  (4  g)  and  sodium  carboxymethyl  cellulose  (CMC) 
(1  g),  then  compressed  into  a  cylindrical  shape  at  a  pressure 
of  7  t  cm-2  anodes  in  batteries.  The  construction  of  the 
battery  is  shown  schematically  in  Fig.  1.  In  this  design, 
graphite  is  used  as  the  cathodic  current-collector,  brass  alloy 
as  the  anodic  current-collector,  and  methyl  polyacrilamide  as 
the  cover  of  battery. 


3.  Results  and  discussion 

Due  to  the  dependency  of  battery  efficiency  on  the  con¬ 
ductivity  of  the  cathodic  and  the  anodic  materials,  the  use  of 
polyanihne  as  a  high  conductive  material  is  of  critical 
importance.  Meanwhile,  the  conductivity  of  polyaniline 
depends  on  various  parameters  such  as  the  aniline  concen¬ 
tration,  the  nature  and  concentration  of  oxidant  (e.g.  ammo¬ 
nium  persulfate)  and  dopant  acid  in  the  synthesis  solution, 
the  temperature  of  polymerization,  and  the  pressure  and  time 
used  during  compression  of  the  polyaniline  rings.  Except  for 
the  pressure  and  time  of  compression,  all  other  factors  have 
been  optimized  and  reported  [1], 

To  investigate  the  effect  of  pressure  on  polyaniline  con¬ 
ductivity,  the  press  pressure  was  varied  from  0  to  8  t  cm-2. 
As  shown  by  the  data  in  Fig.  2,  the  conductivity  of  the 
polyanihne  ring  increases  with  increasing  pressure  until  a 


anodic  current  collector  (brass) 


anodic  active  material  (zinc  mixture) 


cathodic  active  material  (polyaniline) 
separator 


first  cathodic  current  collector  (graphite) 
second  cathodic  current  collector  (brass) 


Fig.  1 .  Structure  of  proposed  battery. 
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press  pressure/ton,  cm"2 

Fig.  2.  Effect  of  press  pressure  on  conductivity  of  polyaniline  ring. 

pressure  of  2 1  cm-2  is  achieved,  then  the  conductivity 
becomes  independent  of  pressure.  Nevertheless,  the  effi¬ 
ciency  of  the  battery  is  decreased  by  increasing  the  press 
pressure.  This  is  due  to  the  decreased  porosity  of  poly  aniline 
at  higher  pressure  which  causes  a  reduction  in  the  diffusion 
of  battery  electrolyte  into  the  cathode  rings. 

Scanning  electron  micrographs  of  there  cathode  ring 
surfaces  prepared  under  press  pressures  of  0.5,  1  and 
2tcm-2  are  shown  in  Fig.  3.  These  clearly  show  the 
decreasing  porosity  of  polyaniline  on  increasing  the  press 
pressure.  The  presence  of  graphite  and,  especially,  acetylene 
black  provides  the  required  porosity  in  the  compressed 
cathode. 

The  influence  of  press  time,  at  a  constant  pressure  of 
2  t  cm-2,  on  the  conductivity  of  polyaniline  is  presented  in 
Fig.  4.  As  can  be  seen,  an  increase  in  press  time  improves  the 
conductivity  of  polyaniline  rings  up  to  3  min  but,  at  longer 
periods,  the  polyaniline  conductivity  becomes  independent 
of  time.  This  is  because  of  the  proper  orientation  of  poly¬ 
aniline  chains  at  about  3  min.  This  process  improves  the 
connectivity  within  chains  and,  subsequently,  the  conduc¬ 
tivity  of  the  rings.  After  this  orientation  of  the  chains,  the 
ring  conductivity  will  become  independent  of  press  time. 
The  optimum  conditions  for  preparing  the  polyaniline  cath¬ 
ode  rings  of  high  conductivity  are  listed  in  Table  1. 

To  prepare  the  anode,  zinc  oxide  and  magnesium  oxide 
were  mixed  with  electrochemically-synthesized  zinc  powder 


Table  1 


Optimum  conditions  for  polymerization  and  preparing  of  polyaniline  ring 


Optimized  parameter 

Optimum  amount 

Aniline  concentration  (M) 

0.1 

Ammonium  persulfate  concentration  (M) 

0.15 

Perchioric  acid  concentration  (M) 

2 

Synthesis  temperature  (°C) 

5 

Press  pressure  (t  cm-2) 

2 

Press  time  (min) 

3 

Fig.  3.  Electron  micrographs  of  polyaniline  cathodes  prepared  at:  (a) 
0.5  t  cm-2;  (b)  1 1  cm-2;  (c)  2 1  cm-2. 


to  provide  better  porosity  and  to  improve  the  charge-dis¬ 
charge  characteristics  of  zinc.  Carboxy  methylcellulose  was 
also  added  to  provide  fine  connections  between  particles. 
The  resulting  mixture  was  pressed  at  7  t  cm-2. 

A  solution  of  2  M  Zn(C104)2  and  1  M  NH4CIO4  at  pH  3 
served  as  the  battery  electrolyte.  At  this  pH,  the  reversibility 
of  polyaniline  is  better  than  that  at  the  higher  values  of  pH 
used  in  previous  reports  [11,12,14,19]. 

A  constant-current  mode  was  chosen  for  charge-dis¬ 
charge  cycling  of  the  battery.  The  effect  of  current  density 
on  the  voltage-time  curve  and  Coulombic  efficiency  was 
investigated  and  the  results  are  shown  in  Figs.  5  and  6, 
respectively.  At  current  densities  of  50  mA  g-1  and  lower, 
the  charge  and  discharge  times  are  equal  (Fig.  5)  and  the 


Coulumbic  efficiency/% 
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time(min) 


Fig.  5.  Effect  of  current  density  on  voltage-time  curve  of  battery:  (a) 
80  mA  g-1;  (b)  60  mA  g^1;  (c)  50  mA  g  (d)  40  mA  g-1. 


Coulombic  efficiency  is  100%  (Fig.  6).  If  the  current  density 
is  decreased,  the  corresponding  charge  and  discharge  times 
are  increased.  Thus,  a  current  density  of  50mAg_1  was 
selected. 

The  voltage-time  variation  at  different  cycle  numbers 
(constant-current  method)  is  shown  in  Fig.  7.  The  influence 
of  cycle-life  on  battery  capacity  and  Coulombic  efficiency  is 
given  in  Figs.  8  and  9,  respectively.  From  these  data,  it  is 
immediately  obvious  that  the  proposed  battery  possesses 
a  high  middle-point  voltage  of  1.2  V,  a  high  capacity,  and  a 
high  Coulombic  efficiency  at  high  cycle-life.  Closer  inspec¬ 
tion,  however,  reveals  that  the  battery  capacity  decreases 
slowly  from  125.4  to  118.0  mAh  g-1,  and  the  Coulombic 
efficiency  from  100  to  96%,  after  100  cycles.  These 
results  emphasize  that  the  battery  possesses  a  suitable 
efficiency. 

The  battery  stability  was  investigated  after  40  days  of 
standing  without  use.  It  was  found  that  the  battery  experi¬ 
enced  a  self-discharge  of  less  than  0.6%  per  day. 

The  open-circuit  voltage  (OCV)  of  the  proposed  battery 
is  compared  with  that  of  several  previously  reported  poly¬ 
aniline  batteries  in  Table  2.  The  proposed  battery  has  the 
highest  OCV. 
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0  40  80  120  160  200  240  280  320 
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Fig.  7.  Voltage-time  curves  of  battery  for  different  cycles  at  constant  current  (50  mA  g_1). 
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Fig.  8.  Effect  of  cycle-life  on  battery  capacity. 


both  the  open-circuit  voltage  and  the  efficiency  of  battery. 
The  use  of  compressed,  electrochemically-synthesized, 
zinc  powder  mixed  with  MgO,  ZnO  and  carboxymethyl 
cellulose,  as  a  stable  anode,  improves  the  rechargeability 
of  battery.  The  reduction  oft  electrolyte  pH  to  3  in  the 
presence  of  C104“  as  dopant  increases  the  reversibility  of 
the  redox  reaction  of  polyaniline.  Optalloy  is  successful  in 
preventing  evolution  of  hydrogen.  These  observations  sug¬ 
gest  the  possibility  of  commercial  polyaniline  rechargeable 
batteries. 
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